There are many situations in nature where we expect traits to evolve but not necessarily for 13 mean fitness to increase. However, these scenarios are hard to reconcile simultaneously 14 with Fisher's Fundamental Theorem of Natural Selection and the Price identity. The 15 consideration of indirect genetic effects on fitness reconciles these fundamental theorems 16
0, natural selection is causing mean fitness to increase. Note that mean fitness may also be 48 increased or decreased by changes in the environment, hence the change ascribable to 49 natural selection may not be equal to observed changes in fitness, but for our purposes here 50 we assume a constant abiotic environment. 51
Independently derived, but fundamentally linked (Queller 2017) , is the Price identity 52 (Price 1970 ; hereafter the PI, note a similar expression, but lacking the second term, was 53 ( , equal to ̅ ) and some phenotype (P) and ( ∆ )) is the change in mean phenotype 60 between parents and offspring, which could be caused by a bias in meiosis or fertilisation, or 61 by changes in the environment, which is referred to as "transmission bias". This simple but 62 powerful expression for the expected change in phenotypes states that for evolution to 63 occur, there must be a genetic covariance between relative fitness and the trait in question. 64
In typical treatments of trait evolution based on the Price identity, researchers 65 assume that the transmission bias is equal to zero, which gives Robertson's expression for 66 the evolution of traits (Robertson 1966 ). We do not contend this is incorrect, but we highlight 67 later that a portion of the change partitioned to transmission bias will in fact often have an 68 additive genetic basis, and therefore considering it explicitly is essential to understand 69 evolutionary trajectories in some cases. Otherwise, we assume a constant abiotic 70 environment throughout. Although it is not always appreciated, the PI implies that for any 71 trait to evolve there must be non-zero additive genetic variance in fitness, otherwise the 72 genetic covariance is undefined and evolution does not proceed (Morrissey et al. 2010 ; 73 Shaw and Shaw 2014) . 74
The PI therefore makes clear that if any trait is evolving, there must be genetic 75 variance in fitness. Further, if there is genetic variance in fitness ( , > 0), then according to 76 the FTNS mean fitness must be increasing (∆ ̅ > 0). Conversely, if mean fitness is not 77 being increased by natural selection (∆ ̅ = 0) then genetic variance in fitness must be zero 78 ( , = 0) and so no trait can evolve. The combination of Fisher's FTNS and the PI, 79 therefore, lead to the following statements: 80 81 "If a trait is evolving by natural selection, there must be genetic variance in fitness, and so 82 mean fitness is evolving" 83 and 84
"If a population's mean fitness is not evolving, then additive genetic variance in fitness must 85 be zero, so no trait can evolve as a result of natural selection" 86
87
We refer to situations where some trait is evolving in response to natural selection as 88 "evolution by natural selection", while we refer to situations where mean fitness is increasing 89 by evolution as "adaptation". Taking the FTNS and the PI together implies evolution by 90 natural selection is always associated with adaptation. There are, of course, may ways in 91 which changes in the environment might cause mean fitness to remain stationary or decline, 92 but here we consider scenarios where the external environment remains constant. 93
In contradiction with these statements derived from the FTNS and PI, we clearly 94 observe situations in nature where evolution occurs, but adaptation does not (Fisher 1941; 95 Cooke et al. 1990; Frank and Slatkin 1992; Wolf et al. 2008 ). An example of this is that 96 males with larger weapons, or preferred sexual displays, are expected to sire more offspring 97 than their less well-endowed conspecifics. If these sexually selected male traits are 98 heritable, we would expect the mean trait to change across generations; we therefore have a 99 genetic covariance between the trait and fitness that is greater than zero. If so, there must 100 be additive genetic variance in fitness, and so Fisher's FTNS predicts that mean fitness 101 ought to evolve (∆ ̅ > 0). However, in reality there is no expectation that the total amount of 102 reproductive success in the population will evolve, i.e. in this situation we would not expect 103 females to start having more offspring, and so mean fitness is not expected to change. 104 Therefore, no adaption is occurring, and following Fisher's FTNS, genetic variance in fitness 105 ought to be zero ( , = 0). Following the PI, evolution should then be impossible, yet we 106 clearly expect the weapons or the display trait to evolve if they are heritable. This scenario 107 also applies to any example of "soft" selection, where selection occurs among-individuals, 108 but does not lead to the mean reproductive output increasing (as opposed to "hard" 109 selection, where selection does lead to an increase in mean fitness Wallace 1975) . So how 110 can we explain the action of sexual and soft selection, given that the FTNS and the PI are 111 true? To put it another way, when mean fitness is not evolving, do we really expect all 112 evolution to cease? 113 Furthermore, we can observe situations where trait evolution (requiring non-zero 114 , ) leads to reduced rather than increased fitness ("maladaptation", distinct from situations 115 where mean fitness is reduced purely by a change in the environment; Crespi 2000; 116
Rogalski 2017). For example, Agelenopsis aperta spiders in riparian zones show suboptimal 117 foraging and anti-predator behaviours compared to grassland populations, despite the 118 riparian habitat being available for at least 100 years (Riechert 1993) . The FTNS suggests 119 that, as , cannot be less than zero, ∆ ̅ cannot be negative. Therefore, the FTNS seems 120 incompatible with observations of the evolution of maladaptation. This paradox can be resolved by revisiting an element of the PI that is typically set aside: the 124 transmission bias. A transmission bias occurs when the mean phenotype of offspring and 125 parents differ, but not due to evolutionary change (Frank 2012) . Typical examples are when 126 meiosis or fertilisation are not random with respect to the genes of interest, or when the 127 environment has changed in some way, and organisms' traits depend on this environment. 128
Fisher too had a term for when phenotypes differ across generations due to environmental 129 change ("environmental deterioration"), and noted that it would typically act to reduce mean 130 fitness, which otherwise would continually increase (Fisher 1930 ). Fisher and others 131 considered the competitiveness of conspecifics to be a key part of the environment (Fisher 132 1930; Cooke et al. 1990; Frank and Slatkin 1992) . Importantly, this "social environment" is 133 partly genetic in basis (as social traits will be partly heritable like any other trait) and so can 134 evolve (Griffing 1967; Moore et al. 1997 ). Hence a possible source of transmission bias and 135 environmental deterioration with limitless potential to continually change is the social 136 environment. Here we contend that not only can the social environment evolve, but that with 137 respect to many situations there are strong reasons to believe that the social environment 138 must evolve. Explicitly considering the evolution of the social environment and its influence 139 on the evolution of transmission bias allows trait evolution and adaptation to become 140 dissociated. 141
As an example of how the evolution of the social environment will dissociate trait 142 evolution from adaptation, we can consider the evolution of the ability to win contests for 143 dominance in a dyadic interaction, such as when two stags square off to determine who is 144 the strongest. Winning contests generally gives fitness benefits, and the propensity to win 145 contests is also often heritable (Wilson et al. 2009 (Wilson et al. , 2011 , so we would expect the mean 146 tendency to win such interactions to evolve. However, following Wilson and colleagues 147 (2009, 2011; 2014), a "common-sense" approach sees this is impossible, because in every 148 dominance interaction, there must be one winner and one loser, and hence the mean 149 outcome in a dyadic contest is constrained to remain half winning and half losing in each 150 generation. This is analogous to a situation where mean reproductive output cannot evolve, 151 for instance when it is constrained at the population level by resource availability (be that 152 food, territory space, or total offspring production of females in the case of sexual selection) 153 even though increased reproductive output is always expected to be favoured by fecundity 154 selection (Cooke et al. 1990; Frank and Slatkin 1992) . chance of winning. As these genes will be selected for, the propensity to win evolves, but so 161 too does the propensity for others to lose as a correlated response. As opponents are drawn 162 from the same population, contests for dominance in the next generation are now with more 163 competitive opponents, i.e. the environment has evolved to become more competitive at the 164 same time (Wilson 2014) . This leads to no change in mean phenotype overall. This has 165 been termed the evolution of environmental deterioration as the environment the trait 166 (winning contests) is being expressed in has deteriorated (i.e. it has become more difficult to 167 express the trait; Fisher 1930). Crucially, there is still direct genetic variance in the 168 population for dominance, and so breeding values for it will increase over time. As such, 169 traits correlated with direct breeding values for the ability to win contests, such as weapon 170 size, will still evolve. In quail, however, body mass is a proxy for competitiveness with pen-mates for access to 209 feed. The heaviest quail were, therefore, the ones that supressed the body mass of their 210 pen-mates the most, by outcompeting them for access to feed. As such, by artificially 211 selecting the heaviest individuals, Muir et al. were also selecting for those that reduced the 212 body mass of their pen mates the most. As these traits possessed additive genetic variance, 213 the result was the evolution of direct breeding values for body mass, but also the evolution of 214 breeding values for increased suppression of pen-mates' body masses. Therefore, there 215
were DGEs for body mass, IGEs for the body mass of pen-mates, and a negative DGE-IGE built upon by Frank and Slatkin (1992) . This simply says that an individual's fitness will be 235 influenced by its own competitive ability (e.g. its weapon size) but also by the competitive 236 abilities of other individuals in the group/population (see also models for "social selection", 237 e.g. Goodnight et al. 1992; Eldakar et al. 2010) . 238
If we wish to consider how these social effects might constrain or facilitate the 239 evolution of fitness, we need to consider the genetic basis of competitive ability and social 240 effects on others' fitness (following Cooke et al. (1990) There are two important things to note from eq. 6. First, when ( , ) is 0, we recover 255 the FTNS. This would be true, however, only when there is no intra-specific competition. 256
Instead, often an individual's fitness gains will necessarily detract at least somewhat from the 257 fitness of others and ( , ) will be negative. A negative ( , ) will reduce the 258 rate of evolution of mean fitness, which we have seen is a result of the evolution of a 259 deteriorating environment. If ( , ) is sufficiently negative, ∆ ̅ can equal 0 despite 260 , being non-zero. This will occur when fitness is completely zero-sum, such that any 261 fitness accrued by one individual is equal to the fitness lost by a competitor or competitors 262 (e.g. contests over a limited resource). Therefore, ( , ) represents an explicit 263 measure of the degree to which adaptation will be constrained by competition, thereby 264 counteracting the continual evolution of increased mean fitness as predicted by the FTNS 265 as it was subject to IGEs, but the competitiveness of individual quail was able to evolve. This 281 commonly occurs in livestock selected for increased yields, when pecking or biting 282 behaviours increase across generations, but yields do not (Ellen et al. 2014 ). This occurs 283 because traits related to social competition (e.g. aggressive pecking) are correlated with the 284 direct additive genetic variance in the yield trait (e.g. body mass). Traits related to social 285 competition can, therefore, increase, while overall performance (e.g. yield) remains constant 286 because of the evolution of more competitive environments. In the case of fitness, traits 287 related to fitness, such as weapon size or the brightness of a sexual display trait, can evolve 288 over time even when mean fitness does not evolve (but see Box 1). This, therefore, solves 9 the apparent problem posed by the two statements we made at the start of this paper. 290
Evolution occurring in populations where mean fitness is not evolving is in fact compatible 291 with Fisher's FTNS and the PI once IGEs on fitness are considered. Furthermore, evolution 292 without adaptation is absolutely required for the evolution of environmental deterioration to 293 occur (in the form of the evolution of more competitive rivals), yet this is often not made 294 explicit. If traits related to competitive ability cannot evolve then the environment cannot 295 deteriorate in this manner. 296
Neither the general ideas, nor models that we have outlined here are new. Applying 297 these ideas and models to fitness itself, however, clarifies when evolution and adaptation are 298 expected to occur, and when they are not. Arguably, Fisher would have classified all 299 changes in indirect effects as environmental deterioration, meaning that we should not 300 model them explicitly here. However, as this change has an additive genetic basis and is 301 correlated with changes in fitness due to direct genetic effects, it seems essential to include 302 them in our models for the evolution of fitness. Furthermore, there are additional insights into 303 trait evolution and adaptation that come from considering IGEs on fitness and fitness-related 304 traits. 305
306
The evolution of maladaptation 307 An interesting outcome of models for evolution in the presence of IGEs is that traits can 308 respond in the opposite direction to selection if a negative ( , ) outweighs the influence 309 of direct effects (Griffing 1967; Moore et al. 1997 ; more formally, when −1( ( , )) > 310 VAD/n ). In these cases, selection favours individuals whose indirect effects reduce the 311 population mean more than their direct effects increase it. What this means for the evolution 312 of fitness is that, although , can never be less than zero, ∆ ̅ can be negative (i.e. the 313 evolution of maladaptation), if ( , ) is strong enough (−1( ( , )) > VAD,W/n; 314 note this is analogous to the possible decrease in mean fitness when selection acts on 315 linked loci (Moran 1963) , just that the fitness effects of the loci are observed in different 316 individuals). This is distinct from cases where fitness decreases due to a deterioration in the 317 non-social or abiotic environment, as the change in fitness caused by evolution of IGEs is 318 the direct result of selection (effectively for individuals that supress others the most). Such 319 an effect has been observed in populations of flour beetles (Tribolium castaneum), where 320 artificial selection for individuals with increased reproductive output caused the mean 321 reproductive output across the populations to decrease over time (Wade 1976 ). This may 322 apply more generally to populations that are approaching or above a habitat's carrying 323 capacity, and so mean fitness is expected to decline in subsequent generations. That the 324 FTNS only ever allowed for an increase in fitness (adaptation, but not maladaptation) has 325 been one of its major criticisms (Frank and Slatkin 1992 In the logistic model the rate of per capita population growth ( ) is positively affected by 337 the intrinsic rate of increase of the population (r), while -rNK -1 represents the degree to which 338 per capita population growth is reduced by per capita increases in death rates and 339 decreases in birth rates as the population approaches its carrying capacity (K). Such density 340 dependence results from social interactions (such as competition for space or food) among 341 individuals that cause them to supress the birth rate or increase the death rate of others. 342
These social effects may well have a genetic component, and hence be IGEs. When 343 populations are far below K, indirect effects on fitness are expected to be relatively weak. In 344 this scenario , can exceed ( , ) and mean fitness can evolve. This is 345 analogous to r-selection, as a low contribution from ( , ) due to non-limiting 346 resources allows the evolution of fitness and so rapid population growth. However, as the 347 population size approaches K, negative social effects on fitness become stronger, and 348 ( , ) will eventually be large enough to equal , , and mean fitness can no 349 longer evolve. The change in mean fitness may even reduce below zero, causing the 350 population size to return below K. 351
Density-dependent selection has typically been modelled from a framework where 352 genotypes differ in their sensitivity to competition, which has led to the prediction of the 353 evolution of increased carrying capacity at high density (an increase in "efficiency" of 354 organisms; MacArthur 1962). The model including IGEs on fitness, however, makes an 355 additional prediction: at high density, we expect the evolution of increased ability to depress 356 the survival and reproduction of others as the population approaches carrying capacity (in 357
Fisher's words: "life is made somewhat harder to each individual when the population is 358 larger"; Fisher 1930). This process ought to result in the evolution of reduced K. It is not 359 currently clear the degree to which density dependent selection in nature favours increased 360 efficiency versus enhanced ability to supress the fitness of others. 361
